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Bacteriophage P2 integrase (Int) mediates site-specific recombination leading to integration or excision of the phage genome in or out of
the bacterial chromosome. Int belongs to the large family of tyrosine recombinases that have two different DNA recognition motifs binding to
the arm and core sites, respectively, which are located within the phage attachment sites (attP). In addition to the P2 integrase, the accessory
proteins Escherichia coli IHF and P2 Cox are needed for recombination. IHF is a structural protein needed for integration and excision by
bending the DNA. As opposed to E, only one IHF site is found in P2 attP. P2 Cox controls the direction of recombination by inhibiting
integration but being required for excision. In this work, the effects of accessory proteins on the capacity of Int to bind to its DNA recognition
sequences are analyzed using electromobility shifts. P2 Int binds with low affinity to the arm site, and this binding is greatly enhanced by
IHF. The arm binding domain of Int is located at the N-terminus. P2 Int binds with high affinity to the core site, and this binding is also
enhanced by IHF. The fact that the cooperative binding of Int and IHF is strongly reduced by lengthening the distance between the IHF and
core binding sites indicates that the distance between these sites may be important for cooperative binding. The Int and Cox proteins also bind
cooperatively to attP.
D 2004 Elsevier Inc. All rights reserved.
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Bacteriophage P2 integrase (Int) mediates the site-
specific recombination event leading to integration or
excision of the phage genome in or out of the Escherichia
coli chromosome. The integrative recombination requires,
besides the Int protein, also the E. coli IHF, while excision,
in addition to Int and IHF, requires the phage-encoded Cox
protein (Hagga˚rd-Ljungquist et al., 1994). P2 Int belongs to
a subgroup of a large family of tyrosine recombinases that
recruits accessory proteins for recombination. These recom-
binases contain two different DNA binding domains, the
arm binding domain and the core binding domain (Nunes-0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.11.015
* Corresponding author. Fax: +46 8 164315.
E-mail address: Elisabeth.Haggard@gmt.su.se
(E. Hagg3rd-Ljungquist).Du¨by et al., 1998). The ability to simultaneously bind to
well-separated and different DNA binding sites on the
phage attachment site (attP), the arm and core sites, is a key
element in the formation of the recombinogenic intasome.
This protein–DNA complex is presumed to seek out the
empty bacterial attachment site (attB) that only contains the
core binding site (Esposito et al., 2001; Richet et al., 1988).
The prototype of this subgroup of recombinases is
bacteriophage E Int, which recognizes two inverted arm
binding sites (P1 and P2) on the left side of the core (COCV),
and three repeated sites (P1V, P2Vand P3V) to the right of the
core (for a review, see Azaro and Landy, 2002) (Fig. 1, note
that E attP is inverted in this schematic presentation to have
the Xis binding region on the same side as Cox in P2).
Three accessory proteins are involved in the formation of
the E intasome, IHF, Xis, and FIS. IHF has two binding sites
on the left arm, one between P1 and P2 (H1), and the other
between P2 and the core (H2), and one on the right arm05) 284–294
Fig. 1. Schematic drawing of the organization of the attP regions of bacteriophages P2 and E. The binding sites for the accessory proteins of the respective
phages are indicated in the picture. The DNA substrates used in the EMSAs are indicated above the P2 attP region. The SnaBI site was used to insert 66 nt in
substrates IHF-coreD66 and attPD66.
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which is required for excision but not for integration, binds
to a direct repeated sequence on the left arm located between
P2 and H2 (Yin et al., 1985). The binding site for FIS partly
overlaps with one of the Xis binding sites and stimulates
excision under conditions where Xis is limiting (Thompson
et al., 1987). The accessory proteins act as structural
proteins in the formation of the intasome structure by
promoting bends in the DNA (for a review, see Azaro and
Landy, 2002). The N-terminal domain of E Int (residues 1–
70) binds with high affinity to the arm binding sites, while
the large C-terminal part (residues 75–365) binds with low
affinity to the core site where strand cleavage and joining
occur during recombination (Tirumalai et al., 1997). The
crystal structure of the C-terminal part of E Int has been
solved (Kwon et al., 1997), and the N-terminal part of E Int
has been solved by NMR spectroscopy and is proposed to
contain a three-stranded h-sheet (Wojciak et al., 2002).
The attP site of phage P2 is organized like that of phage
E, but there are some significant differences (Fig. 1). There
are only two Int binding sites in each arm in phage P2, both
in the form of direct repeats. There is only one IHF binding
site (H), located between the left arm binding sites (P1 and
P2) and the core (Yu and Hagga˚rd-Ljungquist, 1993b). The
Cox binding sites are located on the right arm, between the
core and the arm binding sites (PV1 and PV2). The P2 Cox
protein is multifunctional and also acts as a repressor of the
promoter controlling lysogeny, that is, it has the function
equivalent to E Cro in addition to Xis, and also as an
activator of the late Pll promoter of satellite phage P4 (Saha
et al., 1987, 1989; Yu and Hagga˚rd-Ljungquist, 1993b).
Since P2 belongs to a large group of related, nonlambdoid
phages, with little sequence similarity to E in phagecomponents involved in site-specific recombination, a
comparative analysis of the intasome formation is interes-
ting. In this work, we address the effects of the accessory
factors IHF and Cox on the interaction of P2 Int with its
DNA targets.Results
P2 integrase binds cooperatively with IHF to attP
Footprint analysis has previously suggested that the wt
integrase and IHF bind cooperatively, that is, the presence of
both proteins enhanced binding to the DNA (Yu and
Hagga˚rd-Ljungquist, 1993a). To confirm this, a DNA
binding assay (EMSA) was performed using different
concentrations of the Int and IHF proteins. As can be seen
in Fig. 2, the Int protein forms a large complex with the attP
substrate that will not enter the gel (VI) and a diffuse band
(III). The large complex is most likely due to the bifunc-
tional DNA binding of Int, which makes it possible to form
intermolecular networks with the attP substrate as suggested
previously (Yu and Hagga˚rd-Ljungquist, 1993a). The
addition of IHF reduces the formation of the large complex
and generates a new distinct band (II) migrating slower than
the complex formed by IHF alone (I). At high protein
concentrations, additional bands (IV and V) that migrate
slower than II are detectable. In addition, it is clear that Int
and IHF bind cooperatively. Under conditions where only a
small amount of the labeled DNA is shifted by either protein
alone, the majority of the DNA is shifted when they are
added together (compare lanes 3, 9, and 15), and the Int/
IHF/DNA complex that generates band II is pronounced at
Fig. 2. EMSA showing Int, IHF, or Int and IHF binding to P2 attP. Lane 1 is unbound DNA, lanes 2–7 show binding of Int, lanes 8–13 show binding of IHF,
and lanes 14–19 show binding of Int and IHF together. Beside the autoradiograph is a graph showing the percentage of radioactivity found in bands II, IV, and
V, and the percentage of radioactivity expected in those bands, assuming independent binding of the proteins. The final protein concentrations used for both Int
and IHF in the reactions were 0.38, 0.75, 1.5, 3, 6, and 12 AM.
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shifted by either protein alone (compare lanes 2, 8, and 14).
To obtain a quantification of the cooperativity, the
percent radioactivity in each complex formed was deter-
mined. The expected fraction of DNA molecules bound by
both proteins, assuming independent DNA binding events
for the respective protein, was calculated using the product
rule. The fraction of activity in the Int complex (VI) was
multiplied with the fraction in complex I (IHF complex) for
each concentration used in the reactions, lanes 2–7 and 8–
13, respectively. Complex III is usually seen with Int but
was not identified by the automatic peak search. This
product (in percent) was then compared to the percent
radioactivity obtained in all complexes presumed to contain
both proteins (complexes II, IV and V) for each protein
concentration in lanes 14–19. As can be seen in the graph
next to the EMSA (Fig. 2), band II appears much faster than
expected from independent events. The amount of radio-
activity in bands II, IV, and V is reduced at very high protein
concentrations. The activity of band VI is not included in
the calculation as the same band is obtained with Int alone,
which explains that the observed curve drops at high protein
concentrations.
An N-terminal truncated integrase protein will still show
cooperative binding to attP and the core, but it is defective
in arm binding
The E integrase has been shown to have two domains,
the small N-terminal domain that binds to the arm sites,
and the large C-terminal domain that contains the
catalytic site (Tirumalai et al., 1997). We wanted to
confirm that the N-terminus of the P2 integrase is
involved in arm binding, which has been indicated by
previous studies (Yu and Hagga˚rd-Ljungquist, 1993a), and
to determine if the N-terminus is involved in cooperative
DNA binding with the accessory factors. Therefore, an N-
terminal truncated P2 Int, where amino acids 2–26 were
removed, was constructed. The removed segment corre-sponds in a secondary prediction to three short h-strands
that possibly constitute the DNA-binding motif, like the
N-terminal arm binding motif of the E integrase (Wojciak
et al., 2002).
The N-terminal truncated protein was overexpressed and
purified, and the protein was found to have the same large
domain of about 30 kDa as the wt protein in a Proteinase K
cleavage assay, indicating a correct folding of the truncated
protein (data not shown). In a complementation assay, the
ability of the truncated integrase to complement an int-
defective prophage was measured as spontaneous phage
production in an overnight culture (Yu and Hagga˚rd-
Ljungquist, 1993a). The level of free phage had decreased
1000-fold compared to wt integrase (data not shown),
indicating the requirement of the N-terminus for biological
activity. To analyze how the N-terminal truncation affects its
capacity to bind to its DNA targets, EMSA experiments
were performed.
Three different substrates containing the IHF and
different Int binding sites were used, full-length attP,
the P-arm, and only the core (Fig. 1). As can be seen in
Fig. 3a, where attP is used as substrate, the large complex
that is unable to enter the gel formed by Int with the attP
substrate (VI in Fig. 2) is not seen using the truncated Int
protein, supporting the hypothesis that removing the N-
terminus removes the arm binding domain and that the
bifunctionality of Int is required for formation of the large
intermolecular complex. Instead, the truncated Int forms
only one retarded band (I). The DNA binding capacity of
the truncated integrase is slightly reduced compared to
that of wt Int, supporting the hypothesis that only the
core binding domain remains in the truncated Int
(compare lanes 2–7 in Fig. 2 with lanes 2–7 in Fig.
3a). However, as can be seen in Fig. 3a (compare lanes
4, 10 and 16), the truncated Int and IHF still bind
cooperatively to the attP substrate. The graph beside the
EMSA is a quantification of the cooperative interaction
between the truncated Int and IHF. As can be seen, the
radioactivity in band III appears faster than expected by
Fig. 3. EMSA showing Int or Ntrunc Int binding to different DNA substrates. (a) EMSA showing Ntrunc Int, IHF, or Ntrunc Int and IHF binding to the attP
substrate. Lane 1 is unbound DNA. Lanes 2–7 show binding of Ntrunc Int, lanes 8–13 show binding of IHF, and lanes 14–19 show binding of Ntrunc Int and
IHF together. Beside the autoradiograph is a graph showing the percentage of radioactivity found in band III and the amount expected in band III assuming
independent binding of the proteins. The protein concentrations used for both Ntrunc Int and IHF in the reactions were 0.38, 0.75, 1.5, 3, 6, and 12 AM. (b) Int
or Ntrunc Int binding to the P-arm substrate. Lane 1 is unbound DNA, lanes 2–4 show binding of Int, and lanes 5–7 show binding of Ntrunc Int. (c) Int or
Ntrunc Int binding to the P-arm substrate in the presence of IHF. Lane 1 is unbound DNA, lanes 2–4 show binding of Int and IHF, lanes 5–7 show binding of
Ntrunc Int and IHF, and lanes 8–10 show binding of IHF alone. The protein concentrations of Int and Ntrunc Int in b and c were 3.3, 6.6, and 10.6 AM and the
concentrations of IHF in c were 8.3, 15.6, and 25 AM.
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seen with full-length Int (Fig. 2). The reduced cooperative
binding found may be a function of the loss of arm
binding or a reduction of the cooperative binding with
IHF to the core.
Using the P-arm as substrate, the Int protein shows only a
weak binding at high protein concentrations, indicating a
low affinity of the Int protein for the P-arm. The N-terminal
truncated Int protein is unable to bind to the P-arm at this
concentration (Fig. 3b). To determine if IHF enhances
binding to the weak P-arm binding site, the binding of Int
and the truncated Int in the presence of IHF was compared
using the P-arm substrate that includes the IHF binding site
(Fig. 3c). As can be seen, IHF will enhance binding of Int to
the P-arm, generating fragment II, while the truncated Int
shows no binding and only the IHF shifted band I is
detectable. It should be noted that the shifts generated by
IHF vary between the different substrates since migration is
dependent on the location of the IHF binding site relative tothe ends of the DNA fragment due to its strong DNA
bending activity.
The fact that IHF enhances binding of Int to the P-arm
site and that the N-truncated Int is unable to bind to the P-
arm even in the presence of IHF suggests that the
cooperative binding of the N-truncated Int with IHF to the
attP substrate is caused by a cooperative binding to the core.
To confirm this, binding of IHF and Int or the truncated Int
to a substrate containing the core sequence, the IHF site, and
a 40 nt random DNA sequences to the left of IHF (IHF-core
substrate) (Fig. 1) was performed. The extra 40 nt was
introduced so that the IHF binding site would not be located
too near the end of the DNA fragment. As can be seen in
Fig. 4, a cooperative binding to this substrate is evident for
Int (Fig. 4a) and the truncated Int (Fig. 4b) (compare lanes
4, 10, and 16). This is also clear from the graphs beside the
EMSAs, where band III appears faster than expected if
binding of each protein was an independent event. However,
the cooperative binding of the truncated Int is not as high as
Fig. 4. EMSA showing binding of Int or Ntrunc Int and IHF to a DNA substrate containing the IHF and core binding sites. (a) EMSA showing Int, IHF, or Int
and IHF binding to the IHF-core substrate. Lane 1 is unbound DNA, lanes 2–7 show binding of Int, lanes 8–13 binding of IHF, and lanes 14–19 binding of Int
and IHF together. (b) EMSA showing Ntrunc Int, IHF, or Ntrunc Int and IHF binding to the IHF-core substrate. Lane 1 is unbound DNA, lanes 2–7 show
binding of Ntrunc Int, lanes 8–13 show binding of IHF, and lanes 14–19 binding of Ntrunc Int and IHF together. Beside the autoradiographs are graphs
showing the percentage of radioactivity found in band III and the amount expected in band III, assuming independent binding of the respective protein used.
The protein concentrations of Int, Ntrunc Int, and IHF in the reactions were 0.38, 0.75, 1.5, 3, 6, and 12 AM.
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attP (Fig. 3a). Furthermore, the truncated Int seems to have
about the same affinity as Int to the core in the absence of
IHF (compare lanes 2–7 in Figs. 4a and b).
The above results show that in the absence of IHF the Int
protein has a much higher affinity to the core compared to
the P-arm and that IHF enhances binding of Int to both the
arm site and the core.
Cooperative binding between Int and IHF to the core is
dependent on the distance between their recognition sites on
the DNA, but they show no interaction in vitro
The core binding site and the IHF binding site are
localized in close proximity, and the distance between the P-
arm and the IHF binding site is no more than 20 bases (Fig.
1). We wanted to investigate if the distance between the core
binding site and the IHF binding site affects the cooperative
binding between Int and IHF. Therefore, a 66-basepair
fragment was inserted at the SnaBI site located between the
IHF binding site and the core binding site in the IHF-core
substrate (IHF-coreD66) (Fig. 1). As can be seen by
comparing Figs. 4 and 5, the insertion of 66 nt leads to a
substantial reduction of the cooperative binding of IHF andInt to the core (Fig. 5a), and for the truncated Int the
cooperative binding is almost abolished (Fig. 5b).
As shown above, Int has a much higher affinity for the
core sequence compared to the P-arm sequence in the
absence of IHF. Since the cooperative binding of IHF and Int
to the core sequence is strongly reduced upon insertion of 66
nt between the IHF and core sequence, we found it
interesting to analyze the effect of this insertion on
cooperative binding to the attP substrate. As can be seen in
Fig. 5c, the cooperative binding to the attP substrate with the
66-nt insertion leads to a strong reduction of the cooperative
binding (compare Fig. 5 with Fig. 2), indicating that the
cooperative binding between IHF and the core is the major
contribution to the cooperative binding to the attP substrate.
This raised the question whether Int and IHF directly
interact. Since the IHF protein is His-tagged, an in vitro
protein–protein interaction was performed where His-IHF
was coupled to Ni-NTA resin. However, no direct interaction
between the two proteins could be seen (data not shown).
P2 integrase and Cox bind cooperatively to attP
P2 Cox is classified among a specific subset of
directionality factors, since it not only controls the direction
Fig. 5. EMSA showing the effects of cooperative binding between Int and IHF upon changing the distance between the core and the IHF binding sites by
inserting 66 nt. (a) Binding of Int, IHF, or Int and IHF binding to IHF coreD66. Lane 1 is unbound DNA, lanes 2–7 show binding of Int, lanes 8–13 show
binding of IHF, and lanes 14–19 show binding of Int and IHF together. (b) Binding of Ntrunc Int, IHF, or Ntrunc Int and IHF binding to IHF coreD66. Lane 1
is unbound DNA, lanes 2–7 show binding of Ntrunc Int, lanes 8–13 show binding of IHF, and lanes 14–19 show binding of Ntrunc Int and IHF together. (c)
Binding of Int, IHF, or Int and IHF binding to attPD66. Lane 1 is unbound DNA, lanes 2–7 show binding of Int, lanes 8–13 show binding of IHF, and lanes 14–
19 show binding of Int and IHF together. Next to the autoradiographs are graphs showing the percentage of radioactivity found in band III (a and b) or band II
(c) and the amount expected to be found in those bands assuming independent binding of the respective protein. The protein concentrations of Int, Ntrunc Int,
and IHF in the reactions were 0.38, 0.75, 1.5, 3, 6, and 12 AM.
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transcriptional regulator (Lewis and Hatfull, 2001). Cox
functions as an inhibitor of the integrative recombination,
but is required for the excisive recombination. It binds to six
cox-boxes located between the core and the PV-arm binding
sites, and two complexes have been found in gel-shift
analysis (Yu and Hagga˚rd-Ljungquist, 1993b). We were
interested in determining whether Int and Cox bind
cooperatively to the attP substrate. Thus, titrations of the
respective protein alone or mixed were performed in anEMSA (Fig. 6a). With a titration of Cox, several shifted
bands can be detected at low protein concentrations, which
probably indicates binding of Cox to individual cox-boxes,
where one band (I) is more pronounced. At high Cox
concentrations, one band with low mobility is formed (V).
Furthermore, the addition of Cox prevents the formation of
large intermolecular Int DNA complexes formed with Int
alone (VI), resembling the effects of IHF, and a cooperative
binding between Int and Cox is evident. At a concentration
where only a small amount of the DNA substrate is shifted
Fig. 6. EMSA showing binding of Int or truncated Int and Cox to attP. (a) Binding of Int, Cox, or Int and Cox to the attP substrate. Lane 1 is unbound DNA,
lanes 2–7 show binding of Int, lanes 8–13 show binding of Cox, and lanes 14–19 show binding of Int and Cox together. (b) Binding of Ntrunc Int, Cox, or
Ntrunc Int and Cox binding to the attP substrate. Lane 1 is unbound DNA, lanes 2–7 show binding of Ntrunc Int, lanes 8–13 show binding of IHF, and lanes
14–19 show binding of Ntrunc Int and IHF together. Beside the autoradiographs are graphs showing the percentage of radioactivity found in band III and IV (a)
or band III (b) and the amount expected in those bands, assuming independent binding of the respective protein used. The protein concentrations of both Int and
Ntrunc Int in the reactions were 0.1, 0.2, 0.4, 0.8, 1.5, and 3 AM, and the concentrations of Cox were 2.4, 5, 10, 20, 40, and 80 AM. Efficient Cox binding
necessitated using a different salt concentration than that for the experiment shown in Figs. 2 and 3a; under these conditions, Int also binds more efficiently.
Thus, the concentration of Int and Ntrunc Int needed to obtain comparable gel shifts is lower.
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shifted with both proteins (compare lanes 4, 10, and 16), and
this shift (III) does not correspond to any of the bands found
by either protein alone. Increasing the concentration of Int
and Cox generates a band with slower migration (IV), but
the large complex with Int alone (VI) is never formed. In the
graph beside the EMSA, it is clear that bands III and IV
appear faster than expected if bindings of Int and Cox were
independent events. At the highest protein concentration,
there is a strong reduction in the percent of shifted DNA
since fragment V (lane 19) is not included in the calculation
since a band with similar mobility is obtained with Cox
alone (lane 13). The N-truncated Int shows a reduced
cooperativity with Cox compared to Int (Fig. 5b), but clearly
band III appears at a lower concentration than expected from
random events.Discussion
IHF was originally identified as a factor required for E
integration and excision (Miller and Nash, 1981; Miller et
al., 1979), but since then it has been shown to play a role
not only in recombination, but also in DNA replication,regulation of gene expression, and phage packaging (for
reviews, see Friedman, 1988; Nash, 1996). The structure
of the heterodimeric IHF protein bound to DNA has been
determined, and the protein–DNA interface is extensive,
causing an extreme bend in the DNA (Rice et al., 1996).
In phage E, IHF is believed to have primarily an
architectural role in the intasome formation, where the
integrase binds to the high affinity site and the IHF-
induced bending allows integrase binding to the low
affinity core site, forming a DNA loop (Moisoto de Vargas
et al., 1989). As suggested by previous footprint analysis
(Yu and Hagga˚rd-Ljungquist, 1993a), P2 Int and IHF show
cooperative binding to the attP substrate in our EMSA
analysis. However, in contrast to E, the P2 integrase has a
low affinity to the P-arm sites and a strong affinity to the
core. IHF has a strong enhancing effect of Int binding to
the P-arm as well as to the IHF core substrate. Inserting 66
nt between the IHF recognition sequence and the core
sequence reduces the cooperative binding to the IHF-core
substrate, indicating an importance of the proximity of the
IHF and the core binding sites. This poor cooperativity is
not compensated by binding to the low affinity arm sites,
since the 66-nt insertion between the IHF and core binding
sites also reduces the cooperative interaction to the attP
Table 1
E. coli strains and plasmids used
Strains or
plasmids
Pertinent feature(s) Origin or
reference(s)
E. coli strains
BL21(DE3)pLysS E. coli B strain containing
the T7 polymerase and
plasmid pLysS expressing
T7 lysozyme
Studier et al., 1990
C-1a Prototrophic E. coli strain Sasaki and Bertani,
1965
Plasmids
pET8c Cloning vector with
T7 promoter
Studier et al., 1990
pET16b Cloning vector with
T7 promoter and
N-terminal 6 aa His tag
Novagen
pEE720 Derivative of pET8c, with
P2 cox under the control
of the T7 promoter
Eriksson and
Hagga˚rd-Ljungquist,
2000
pEE2003 Derivative of pET16b
with the gene expressing
the alpha subunit of the
IHF protein cloned in
frame with the N terminal
His-tag, and the beta
subunit
Yu and Hagga˚rd-
Ljungquist,
1993b
pEE2007 Derivative of pET8c with
attP in the Nco1 site
Yu and Hagga˚rd-
Ljungquist, 1993a
pEE2008 Derivative of pET8c, with
P2 int, except the 2nd and
3rd aa, under the control
of the T7 promoter
Frumerie et al.,
2004
pEE2021 Derivative of pET8c,
with P2 int with aa 2–26
deleted. Int expression
is controlled by the T7
promoter
This work
pEE2023 Derivative of pEE2007
with a 66 nt long
sequence inserted into the
SnaBI site, located between
the IHF recognition sequence
and the core sequence
This work
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cooperativity between IHF and Int at the core site is the
major contribution to the cooperativity seen with the attP
substrate. Furthermore, removal of aa 2–26 of P2 integrase
abolishes the P-arm binding capacity even in presence of
IHF, while a cooperative binding to attP and the core
remains even though at a lower level compared to the full-
length Int. Since we find no interaction between P2 Int and
IHF in the absence of DNA, the cooperativity between Int
and IHF to the DNA targets is either a function of the
structural changes in the DNA promoted by IHF binding,
or that DNA binding of the integrase or IHF induces
structural changes that promote protein–protein interac-
tions. It is interesting to note that in the P2-related phage
HP1, IHF is stimulatory but not required for site-specific
recombination (Esposito et al., 2001; Hakimi and Scocca,
1994). One possible explanation for this is that the
distance between the direct repeats that are required for
arm binding (IBS2) in HP1 attP and the inverted repeat in
the core is 179 nt in HP1 and only 43 in P2, leading to a
greater flexibility in HP1 DNA. In addition, the HP1
integrase has an additional binding site between IBS2 and
the core, which is dispensable for recombination (Esposito
et al., 2001). In mycobacteriophage L5, the host encoded
mIHF is required for integrative recombination, but in
contrast to E. coli IHF it binds DNA nonspecifically
(Pedulla et al., 1996; Pena et al., 1999). In contrast to E,
P2, and HP1, the L5 integrase will occupy only one pair of
arm binding sites (Pena et al., 2000). According to the
model, the L5 integrase forms a complex with the core and
the right arm binding sites, while integrase bound to the
left arm site will interact with attB. However, the spacing
between the left arm binding site and the inverted repeat of
the core is important since integration of nonintegral
numbers of turns prevents recombination (Pena et al.,
1999, 2000).
E Xis is a 72-aa, slightly basic protein that binds
cooperatively to two direct repeats in the DNA (Bushman
et al., 1984). It binds cooperatively with E Int, and the C-
terminus is required for cooperative binding with E Int but
not for DNA binding (Numrych et al., 1992; Wu et al.,
1998), and it is the amino terminal domain of Int that
interacts with Xis (Cho et al., 2002). P2 Cox is also a
small (91 aa), slightly basic protein, but Cox and Xis have
no structural or sequence similarities. According to the
crystal structure, Xis adopts an unusual winged-helix
motif, where the DNA contacts are mediated by a single
a-helix and a loop that interacts with the major and minor
groove, respectively (Sam et al., 2002, 2004). The
structure of P2 Cox has not been determined, but it has
a predicted HTH motif at the N-terminus, believed to be
involved in DNA binding (Eriksson and Hagga˚rd-Ljung-
quist, 2000). Both Xis and Cox are recombination
directionality factors (RDFs), since they promote excision
but inhibit integrative recombination. Moreover, P2 Cox,
186 Apl, and HP1 Cox are bifunctional, beside beingRDFs they are involved in controlling the developmental
switch by blocking the promoter controlling the expression
of the phage immunity and the integrase, thereby coupling
the developmental pathway with site-specific recombina-
tion (Esposito et al., 1997; Reed et al., 1997; Saha et al.,
1987). In this work, we show that P2 Cox promotes
cooperative binding of Int to attP, but in contrast to the E
integrase, the N-terminal domain of P2 Int does not seem
to be essential for cooperative binding.Materials and methods
Biological materials
Bacterial strains and plasmids used are listed in Table 1.
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Plasmids were constructed using standard techniques
(Sambrook et al., 1989). Isolation of different genes was
performed by amplifying the DNA by PCR using Vent
Polymerase (Biolabs Inc.) and pertinent primers from DNA-
Technology, Denmark. E. coli C1-a was used as the initial
recipient for transformations. Positive clones were detected
by colony hybridization. All constructs and PCR-induced
mutations were sequenced by automatic DNA sequencing
on an ALFexpress II using the ThermoSequenase Kit
(Pharmacia-Amersham) and Cy5-labeled primers from
DNA-Technology.
Construction of pEE2021
The int gene was amplified from plasmid pEE2008 using
primers 27aaint (AGG AAG TTT GAT AAG AAA AGC
GAA GCT GTC) and 72.2R (GGG TGT CAC CAG TAG
GGG CTT TCA ACG G) and cloned into the filled-in NcoI
site of plasmid pET8c (Studier et al., 1990).
Construction of pEE2023
Primers attPD33bot (GAA TCC GAG AAC AAT GGG
TTT GAG AAC AAT GGG) and attPD33top (CCC ATT
GTT CTC AAA CCC ATT GTT CTC GAA TCC) were
hybridized before phosphorylation and cloned into the
SnaBI site of plasmid pEE2007, where a clone that
contained a tandem insert was selected (attPD66). Hybrid-
ization was carried out as follows; denaturation at 94 8C 1
min, 65 8C 5 min followed by renaturation at 37 8C 10 min,
and transfer to ice.
Protein purification
Cox purification
The Cox protein was purified as previously described
(Eriksson and Hagga˚rd-Ljungquist, 2000) and was esti-
mated to 80% purity on SDS-PAGE.
Purification of integrase and N-terminal truncated
integrase
E. coli BL21(DE3)pLysS cells containing pEE2008 or
pEE2021 were grown in LB and induced with isopropyl
h-d-thiogalactoside (IPTG) at an OD600 of 0.6 to a final
concentration of 1 mM, and further incubated for 3 h. A
quantity of 800-ml culture was harvested by centrifugation
and the pellets were resuspended in 20 ml 0.01 M sodium
phosphate buffer pH 7.0 (NaP-buffer) and lysed by
sonication. The lysates were centrifuged using a Sorvall
SS-34 rotor for 2 h at 12000 rpm and ammonium sulphate
was added to 50% saturation in the supernatant. The
pellets were resuspended in 2 ml 0.01 M NaP-buffer, pH
7.0, filtered through a 0.45-Am filter, and purified on a
HiTrap Heparin column (Amersham Biosciences). A
buffer exchange was made on a PD-10 column (Amer-
sham Biosciences) to buffer A+ (0.3 M potassiumphosphate buffer, pH 7.5, 3 mM EDTA, 0.5 M KCl)
and glycerol was added to a final concentration of 40%.
The proteins were at least 90% pure as judged by SDS-
PAGE. P2 Int is autoregulating its expression at the
posttranscriptional level (Yu et al., 1994). Thus, in plasmid
pEE2008, amino acids 2 and 3 are deleted, which enables
overexpression of a biologically active integrase after
induction, and in this work this integrase is used as wild-
type integrase.
Purification of His-tagged IHF (His-IHF)
E. coli BL21(DE3)plysS cells containing plasmid
pEE2003 (containing the His-tagged alpha subunit and a
nontagged beta subunit) (Yu and Hagga˚rd-Ljungquist,
1993b) were grown in LB and induced with IPTG at
OD600 of 1.0 to a final concentration of 1 mM, and further
incubated for 3 h. A quantity of 400-ml culture was
harvested by centrifugation and the pellet was resuspended
in 10 ml of 20 mM NaH2PO4, 500 mM NaCl, and 10 mM
imidazole. The cells were lysed by sonication, and after the
removal of cell debris by centrifugation, the proteins were
purified using HisTrap Kit (Amersham Biosciences). The
proteins were eluted with 300 mM imidazole. The proteins
were dialyzed overnight at 4 8C in buffer A+ to which 40%
glycerol had been added. The purity of IHF was estimated to
approximately 95% by SDS-PAGE.
All protein concentrations were determined using the
Bradford method with bovine serum albumin as standard
(Bradford, 1976).
Electromobility shift assays
The attP (218 nt) and the attPD66 (284 nt) were
amplified from plasmids pEE2008 and pEE2023, respec-
tively, using primer pair 71.9R (GAG GGG CTT TTT TGT
CGA TGT G) and 72.4L-2 (AGG CCG AGA GTG TCC
ACA CAG TGT CC). The P-arm fragment (218 nt) was
amplified from plasmid pEE2008 using primer pair 71.7R
(TTG CAG CGC CAC GTT CAT CAC TTATG) and 72.3L
(ACG TAC AAT AAATTG AAATAA AAG G). The IHF-
core substrate (183 nt) and the IHF coreD66 (249 nt) were
amplified from plasmids pEE2008 and pEE2023, respec-
tively, using primer pair +40IHF (GAT CGT GTA CAG
TTC TCATGT TTG ACA GCT TAT CAT CGATAATAA
ATC CTT TTA TTT CAA TTT ATT GTA CG) and 72.3L
(GAG TAA CGT TTA AGG GCT TTC AG) (see Fig. 1).
The fragments were end-labeled using [g-32P]-ATP
(Amersham Biosciences) and T4 polynucleotide kinase
(Fermentas), and purified using a MicroSpin S-50HR
column (Amersham Biosciences). About 4 ng of DNA
was incubated with the indicated amounts of purified
proteins in a final volume of 20 Al including 4 Al buffer
5 BB (60 mM Hepes-NaOH pH 7.7, 60% glycerol, 20
mM Tris–HCl pH 7.9, 300 mM KCl, 5 mM EDTA, 0.05 Ag/
Al poly dI/dC, 0.3 Ag/Al BSA, and 5 mM DTT). In
experiments analyzing Int/Ntrunc Int and IHF (Figs. 2–5),
C. Frumerie et al. / Virology 332 (2005) 284–294 293the protein volumes used in the reactions were 2 Al, and in
experiments using the Int/Ntrunc Int and Cox proteins (Fig.
6), the protein volumes used in the reactions were 4 Al, thus
the reactions were supplemented with buffer A+ accord-
ingly. The reactions were loaded onto a nondenaturing 5%
polyacrylamide gel and submitted to electrophoresis at 20
mA in 0.5 TBE for about 2 h with running water for
cooling in a Protean II xi Cell (BIO-RAD). The gels were
dried prior to autoradiography.
Quantification of radioactivity in the bands of the
electromobility shift assays
Quantification was made with the Image Gauge V 3.45
software for Macintosh using the profile/MW function for
defining the lanes and for automatic peak search. All
other functions were at default values. To quantify the
cooperativity observed in the EMSAs, we compared the
observed fraction of DNA molecules bound by both
proteins, with the expected fraction of DNA molecules
bound by both proteins, calculated by the product rule
assuming independent DNA binding events for each
protein. The fraction of radioactivity in all the complexes
formed by one protein alone was determined for each
concentration used. This fraction was then multiplied with
the fraction of radioactivity in all complexes formed by
the other protein alone for the respective concentration
(i.e., the fraction of the radioactivity in all complexes in
lane 2 in the coming figures is multiplied by the fraction
of the radioactivity in all complexes in lane 8). The
product represents what would be found if the DNA
binding events of the two proteins analyzed are inde-
pendent. This product is then compared to the fraction of
the radioactivity obtained in the complexes where both
proteins are assumed to be present (i.e., the fraction of
radioactivity in all complexes formed by both proteins
together in lane 14, not including complexes identified
with one protein alone). In the graphs, the values obtained
are presented in percent.Acknowledgments
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